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Mechanical testing of Polymers and Ceramics / 4? 



dune. Tbe filaments ore than stressed to failure 
m & cuu& tem strain rase. For ihk test method* 
filament cross^sectionaJ area* arc determined 
by plaiuraeter measure crafts of a represen- 
tative nuirtber of fdan&em cross sectwrfc as dis- 
played od highly magnified TOCtographs. Al- 
ternative msihods of area deienriiriation use op- 
tical g&ges, an icnag^spiining microscope, a 
linear weight-density method, and others. 

TfcflsUe stcengia Yorog> xnodulus of 
elasddiy are calealatcd frotn the load efo&gettioo 
records artd the cross-sectional area Tocarcre- 
meats. 

The specimea setup is shown ta Fig. 26. Note 
that a system cotttpUance adjnsrnteaf may be 
necessary for $ingte»filament tensile .modulus^ 

W Tensile T«s4 (ASTM © 401 The 
strength of fibers is rarely determined by test- 
ing ssrigJe filaments and ofcratnitig a mimerical 
average of tbeir strength voices. Usually, a bun- 
die or yam of sneh fibers 5s snpt£$R9te& wirh a 
pohrmcr and loaded to faitae. The average .fi- 
ber strength fe theft de8ned by the tnax&mro 
load divided by tbe cross-sectional aroa of tbe 
fibcrcaloTC, 

Ustn$ A5TM D 4018 or an equivalent is rec- 
ommended. This is summarized as finding tbe 



Ta^ MCllOfl fiwmsd or art 
eevay after gripping tn 




Ovcramength 

Fig. 26 Schematic Jhwrtrtg tvpico) spectn^fwnourt- 
ing rncthod for <*e svirtfo4l!amertt ffeer ten- 
sion test f AST m O ?37?) 



tensile properties of corrtmooos filament carbon 
and graphite yaws, strands, roving^ and tows 
by the tensile loading tc Faflorc of the resio»im- 
pregnaced fiber forms, This technique loses ao- 
curacy as the {ilamsnt cwrat increases. Strain and 
Young's modulus see measured by 
cKtensQxnctcf. 

* The purpose of tt&ioj* itnptcgtmttng resin is to 
provide the ixber facnis, when cmed» with enotfgh 
mechanical strength to produce a rigid test 
spcclmep capable of sustaining umfoira load- 
ing of the individual filaments Is the spechnen- 
To iturdtni^a the effect of the tropregnatiog 
rosin oca tha tewalo txopetfte* of the fiber 
forms, the resin should bo compatible *ith ffve 
fiber; me resin contort in the cured specimen 
should be limited lo the minimum ajuouui 
guhvdto prodnce a «3eftil test spcoxtttti, the in* 
dividual Slwcncs of ^ fiber forms should be 
wet] colli mated, and tite pcrata capability of the 
tcsio should be sigEn&Krtry greater than the 
strain capability of tbe fiUtmsore. 



A5TM D 4018 Method 1 test specimens re- 
quire s special cast^rcsin ertd iflb and grip de» 
v.tgn to prevent grip slippage under high fosds. 
Aheraaiive methods of $pccitoce mouating lo 
end tabs are acceptable, provided rival lest spec- 
imens maintain axial atignnjcm on the test rru»- 
chinc contertiiie nod that they do not slip m the 
grips nt high loeds. ASTM D 4018 Method II 
lest specimens require no special gripping 
mech&Qisxm. Standard rubber-faced jaws shosM 
be adeqtiate. 
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Ff|J. ZS Tensit^p^i^ufVEsfcxrfonrpo^Wcwoprene compounds 



Tesftiimg of CeramScs 

Ceramic inatcdals have been used in a vari- 
ety olTcrt£#fteerii>g applicodoaia that utiK^e their 
wear resistance, rerractarincsd^ hardness, ai£d 
hi^h compressioii strength. Traditkmairy, they 
have oot been used to tensile-loaded stuicwes 
becaase they are brittSc and experience cat^ 
strophjLc failure l>efote penoats^sa dcfotmatioxi. 
Nevertheless, their extreme tx&' ac twlrjess, chem- 
ical ioertttcsSv and favorable op&cal« electrical, 
and thermal properties arc inducements to u^e 
ceramics in certain tensile load-bearing appli- 
cations Typical mechanical properties of com* 
jno&v cerasiics are listed in TeWe I h and appK- 
cabk ASTM siondatds for mechanical testing 
are listed in Tobte 32. Mote ctftrcot it^fonnadon 
on mechanical testiag of cctacries h provided 
inR£f2Z 



RoonihTemperatuira- Strength Teste 



Urtbxsat Tensile Strength. The waidacttle 
and th^tr high 

sensitivity to stress concentrators baa meant 
thaicoovTOtional direct tensile testisg is cWi- 
cuh tmd «*pensivft. Csripping jaws* screw 
threads* or other conventional devices cams 
invalid test result* became of specimen bffeafo> 
age at the ^aps. The high stiffness (elastic modu- 
lus) of many cciami es mesas th,u a rnisalignmeat 



Tabte 1 Tl Typkai mecfeanScal properttgg of comrgiom ct&ramk materials 



Brxk 


5-30 


0.7-3.9 


3-10 


0.7-t-J 


10-» 




&ooraie 




0.7-2.9 


8-15 




10-25 




Steatto 


1-3 


aJ-0.4 


V*O-3«0 


20-23 


SSO-100O 




5it>caTCR?ce9fia^ 






a-H 




?0-80 
















t>-UJ& 






1.9-6.5 


5-15 


0-7-2.Z 


10-SO 
















CbtttiuSdn rt^<ECtc*^co» 






10-150 






5.8-3a7 
















Fowterftc cEftistciev « 


25-90. 




5-10 


0,7-3J» 


70^50 


F$d^poeBO TBa^MVOtSoo 


3045 


4.^5.1 


8-400 


•U-» 


40->00 


5J8^W 








80-2DQ 


t2-5^ 


30-«O 






tO-20 




20-25 


2.9-3* 


30-30 


<L-0-5^ 






4.-4-10.2 


20-«0 




^o-ica 






55-400 


ff-0-t*5 




t»l 


55-100 










90-160 




30CMOPO 



















PA01 16/26* RCVD AT J/19/2005 3:18:28 PM pastern Daylight fime] " SVR:USPTO-iFXRF=6/29 ' DNIS:27383D0 * CSID:$087874730 ' DURATION (mm-ss):10-04 



07/19/2005 15:45 
MAY,0o*2004 16:06 1 

42 / Drtfttduction to Mechanical 



5087874730 
7B1 &33 5\eo 



ROHM AND HAAS PATENT 
ROHM 4 HAAS AM 



.g and Evaluation 



PAGE 
,005/000 



17/26 



of only a few ihottsandtlw of * ceotioicter can 
l«xs to binding stresses with errors of IOfc 
more. Specimen preparation to exacting tofeiv 
ftsiec* with minimal tnaetoning damage and 
fa^nl tapers to avoid stress concentrator has 
been «n expetuivc proportion. Considerable 
*0J*bas: fbensed on improving tensile test 
methods *6x ceramics?, with the result that ten- 
axle testing is becoming more routine. Cbnme*, 
oal ecpnpmeot is readily available, and sped- 
roen costs are falling. It win, however, always 
*e tfcorc difficult to conduct direct tensile tests 
for ceramics than for metals. 

The c*pzrtoeAtd difficulties coupled with 
the problems erf fabricating sufficwtntJy large 
specimens, have prompted ceramists to use al- 
ternative test methods. The moat common is 
flexure testing in eithe? the So-caHcd threc- 
porat or four-point coia%utatknL The toner is 
iwaUv furtbesr specified by a descriptSwi of the 
mstanoe from fee outer support pobt$ and the 
fcoer pwnu, such as # or # foin^poim loading. 
5 C ,ow cost «nd easy preparation 

of a fterare specimen account for ite popular- 
ity* bat there aro distinct drawbacks. The bentu 
rug crauo a stress gradient iu the specimen, 
and Only a small volwne is exposed to high tcn- 
r site stress, Tl>e specimens are very seoaftive to 
edso or surface machining Onm^x The test ap- 
pears easy to set up and conduct buc mJsalign- 
meats and expsaraefttal tnw? can easify ruin 
ax. Standard test .methods arc n>o*r availably that 



SL™^^ measure*,*,* for 
standard wtes and shapes, as shown Sn Fig. 27 
Nevcnhdc^ ft *aj preferable to perform 
Are* ien*on cesting current testis systems 
are designed with sclf-awgnkg fc^j toc 
. v. .i 1 "?™* 3 ^^ing stresses to approxi- 
matefy \%. There i* usually 1^ extrapolation 
of the strength data from test specimen to ctra^ 
pojxr.t size. Tensile specimens are 6tm espen. 
Mve. however, because of costly tabricaooB 
aj1d nwchinii^, They are tncoovenicntJy large, 
as well, because most systems ore designed for 
rugb-temperature test rigs that use cold grips. 
UMS1 recently, only a few laboratories bad (he 
ability to cost or to even afford direct resile 
pemncnts. A new emphasis on auatoine accu- 
ral*, quality data » support gc^cs ^ beat 
etlfijne programs hay led to rapid improvements 
m the field, and coranerdaj test systems are 
now readily available. Dirrereot tensile sped- 
maa geometries ft at are being used are sfcovfo 
iqHg. 28 (Rcf 23-28). 

Another occasicwrfly cited test far engineer- 
log ceramics i$ ihe so-called diametral com- 
pression test, or Brazilian dfefc tost, whereon a 
circular cylinder is loaded at its ergfe (Ref 29, 
30). Hie te?t .b actuaUy biaxial, because fa ao^ 
diiicw to the teosile stresses that tend to toer- 
ftlly spHttfjft specimen, cottrpr^ve ytose? 
that arc three times as great act axially through 
the Rpedraen. However, cetSLpres^vc Presses 
of tins cmgnirode aro not ltTcely to affect nnia*- 
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ia5 strength, an effect peculiar fto roonolithrc co- 
ramK». Tb« speclFnen Joading is batveen two 
platens with pads of cornplinot roateda) (stucfi 
as a metallic shim or paper) to avoid high 
^rearing stresses. Carefbl macbiniog of the end 
faces of the ypecjfnen is esmtial once again to 
avoid damage ibnt cotnpromiiies the test TWs 
point is often OYerJooJced. This tost is occasiott- 
alry employed by cerantic* proec??Ois for ce- 
ramies fadricated tn cy|jJ>drica) shapes. 

Mawy ceramic materials have sirengths that 
are specific to the shaping process being used, 
sueb as injectBon-fnoldod r^rbochorgc? rotors; or 
extroded heat-exchanger tvbes. In such ease*, it 
ts not practical to cut tensile specixticns ftwa 
the pare bxrt twpamdy east tensile specimens 
may not have tho same nucrostructure or de- 
fects as tho component and, tberefo^ m iryeV 
evant (Ref 31-33). It is optimal to test compo- 
nents in as close a configuration to the final 
eonjporteat sbape e$ possribK Thust, i» the c^e 
of a tube, a rae can be cut rram the lobe and 
pressurized to obtain a uniaxial hoop-ssicsa. 
toting configuration (Rcf 3d, Cosnyasy to 
eotpectatrony, such a test c«n be conducted at 
hiigh temperatures. Indeed, one of the highest 
recorded strength test teinperatofes for a ce- 
ramic (2 1 50 or 3955 *R was on a jsessnr- 
pzed tube <Ref 56). Extrcro care must taken 
to ensure that the edgss ate not capped and do 
^ bave excessive niachjratng dar«i£c» lest the 
test merely become a measure of wwtchiniog 
damage* 

There to no simple answer to the qpestkm of 
wfeat specaiwn is best for roe&Foring &s&ng$$ 
darta. The best practice is fio test a COnfjjpiraticn 
that most resemble* the actnaj ctOTpo*t«K » 
service conditions and to eofttsre thalt the test 
material accurately represents the component 
jnateriat It is likely that the first available data 
will be .ftexore*«ttcngtb <kto. which are «ypi- 
. bighcr (JO-JO^) Than, tensile specimen 

data because of the dependency of strength on 
test fcpeouBcn sj«. Wererthekas. coraideritu; 
the tnsdeoffe hi cost quantity of result^ and 
*^culry in fcesbn^ it is fckery inot jfnture eagi- 
^leering databases will feature COmpTcsaewary 
flexure and tensile data. Jjodoad. it will be bene* 
tidal to have strengih dato fro^n <E£fereDt ^ 
dad shapes to pernrii szi assessment of sjat^al 
consistency, ilaw uniionr^y, mid-the veraei^ 
• of strength-size seating models. 

Elastoc MotSulms. Sevend reesbods are used 
to evaluate the elastic moduli of mosaoUtak or 
Csie-soaied; isotropic composites* The roost 
coiDsnoQ are deflscbon measajemeats fn fks- 
ural strength ioste (wrlh proper coa^ideratxon of 
the test HUChiiMi coropliz^ec) ot- strain gage ex- 
pcrifiaewsia fteaure c& direct tesi^ioo. Dynamic 
weasuj^rfCats are afeo quite cummon, with ei- 
ther sonic excitation of prisma tic specimens as 
their resonant frequency or time-of-Highi mea- 
surements of ultrasonic waves. 

Entesprctation of Vrnao6nJ\ Strength. Tbc 
scatter in Uniaxial strengths H ^well nKKlcled by 
JteibnU statltttf^ WeibuJU observed that eic 
streiigih of hrf a>e materials is controltedl by the 
presence of randomly distributed defects and 
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that fhOote ts controlled by the largest most se- 
verely stressed defect. Fracture occurs when a 
defect in one particular element of the body 
reaches a critical loading. This analysis »s col* 
loquSaRy Known o$ n» weaker-link model in 
direct analogy to the sirength of 4 cfcua 

The WcabuU modulus, *k has no units and is 
the facto? that de terra mes toe scatter in 
Strength. High values arc optimum. Traditional 
ceramics, such as wbitewares and bride, may 
have valeefi from 3 to 5, A good material has a 
value that exceeds 10. A ceramic with ap m 
valve £30 has very consistent strengths and 
COuld be practically considered to havt: 4 deter- 
ministic value of strength over a range of sev- 
ered orders of magnitude volume. 

Not only does scengfr sc ale with specimen 
size* but the magnitude oF me" change strongly 



can pc used to Uneaozc date for a Caussiw dis- 
tribution. 

Hie WeibnJ! analysis is adequate for 
molda^iaHy, tejjsilery loaded ceramics, pro- 
vided that the second or third principal stresses 
are significantly tens than the principal tensile 
stress. If this is not the case, then it is appropri- 
ate to use cnoie sophisticated analyses that take 
into account the effect of nwltiaxial tensile 
stresses on defects. The WciboH analysis also 
has limitations if the defects are likely to grow 
subcritic&JKy during a tesL A newly recognised 
phenomenon that could occasionally pose prob- 
lems in strength analysis is intent defect c&u<ted 
by locnEved surface impact or contact stresses. 
Concentrated nttexodajnage can occur that can 
lead to a larger mtcrocraclc popping in after on 
incubation period (Ref 37* 38). 



depends on whether the defects are surface C Strength vatne* by themselves are only half 



or volume. Obviously* ii is essential to lenov 
whether flaws are of one or the other cate- 
gory if the laboratory strength data axe going 
to be size-serried to predict component per- 
formance. 

| A Wcjfeull graph ts a cemvenknt means to ce- 
| ^fff^Qr^s £^^ The graph u*ually151a$ spe- 
cial axes chosen to hoeartee the data. This i? 
done vn the same fashion that probability paper 



Jthe picture. The types of defects ate equally 5m- 
jponant because each flaw type M$ its own 
J Weibntl distribution, and becaase rouhiplc Onw 
I populations ore common in ceiui itics. There- 
I fore, it is essential thai the defects be as clearly 
^associated with the strength values vz possible* 
Uniaxial ConvpreaswwTt Strength, The high 
compressive strength of ceramics is a conse- 
quence of the resistance of the material to pl&s- 
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tic flow nod the tnsensiti vity of defects to com- 
pressive stress. Anciem strocfcwHl applications 
of eeramka were columns end walls that capi- 
talized on high compressive strength. The fact 
thai ceramics fcul at &H to compression is a re- 
sult of the distortion of the stress field in the 
immediate vicinity of the tip of n defect. This 
distortion causes- a localized tensite stress con- 
centration that, for defects at the worst orienta- 
tion (-30* to the raal stress) is about % of tte 
concentration if the specimen is loaded in ten- 
sion. Thus, a Griffith-type criterion for &Uuro 
would predict that the compression specimen 
will foil at about 30° to tho specimen axial di- 
rection when the compressive stress is eight 
times the tension strength, but mis is an over- 
Salification. 

The tensile stresses in the iminedfeiie vicinity 
of a defect will cause a crack to propagate 
stably for a slight distanco (Ref 39» 4Q)_ The 
crack then aligns itself with the compm^ion 
stress and >s arrested. Progressively more de- 
fects grow until the damage that has accuran- 
tntcd in the specimen tenches some limit, and 
the specimen virulently dSsmtcgrstes into pow- 
der (often with a m^ohJtmmesccnt emission) 
(Ref 41, CcOTmressfon strength thus de- 
pends not on the largest, wor$t-qttierAiedL highest 
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